Linear relationships between increases in regional primary productivity to possible future climate change and vegetation patterns are derived. These relationships are applied to the simulated productivities and vegetation distributions in China under altered climate scenarios projected by seven general circulation models (GCM). The results of analysis indicate that the relationships hold valid for different resolution of analysis. Patchiness of vegetation distribution can explain more than 50% of changes in vegetation distribution and changes in structural responses of primary production, and thus is an important index to quantify vegetation responses to possible future climate change. Patchiness can accelerate either degradation or recovery of a vegetation type, depending on whether altered climate conditions are adverse or favorable for the vegetation type.
Introduction
Simulation models have been used as important means to investigate the responses and feedback of regional and global terrestrial ecosystems to climatic changes (Lauenroth et al., 1986 (Lauenroth et al., , 1993 King et al., 1989; Lauenroth and Sala, 1992; Muller, 1992; Krapivin, 1993; Gote et al., 1994; Ludeke et al., 1994; Denning et al., 1996; Fitz et al., 1996; Friend et al., 1997; Kohlmaier et al., 1997, for example) . Biogeochemical models address the problems of primary productivity responses (Running and Coughlan, 1988; Running and Nemani, 1988; Raich et al., 1991; Melillo et al., 1993 Melillo et al., , 1995 Parton et al., 1993; Foley, 1994 Foley, , 1995 Running, 1994) , whereas biogeography models simulate vegetation distribution under different climate scenarios (Woodward and McKee, 1991; Prentice et al., 1992; Neilson, 1995) . Global or regional simulation models for terrestrial ecosystems usually include a large number of state variables defined over large spatiotemporal domains, and complex mathematical relationships are used to quantify various ecosystem processes such as assimilation, distribution of the assimilated materials, hydrological and biogeochemical cycles, competition, and migration of plants and communities. Numerical outputs of these simulation models usually include spatiotemporal distribution patterns of net primary productivity and vegetation types under various climatic scenarios.
Efficient and reliable methods are needed to analyze large volumes of output data from these simulation models in order to draw correct conclusions about responses of regional ecosystems processes to climate changes and to investigate relationships between these responses and vegetation distribution patterns (Melillo et al., 1995; Baker, 1996; Gao et al., 2000b) . Two important questions in post-simulation analyses of the large volume of simulation output are: (1) how primary production processes are related to vegetation distribution pattern at regional or global scales and (2) how the relationship between primary production processes and vegetation distribution pattern interplay with climate in the projected future terrestrial ecosystem states under various climate-change scenarios. These questions exemplify a more general issue of relationships between patterns and processes (Turner, 1989; Walker and Walker, 1991; Gao and Yang, 1997) . It is not difficult to understand that there certainly exist implicit relationships between primary production processes and vegetation patterns because the latter governs many spatial processes such as lateral movement of water and nutrients (run-off/run-on and sub-surface flow) and plant migration within a landscape or region, which strongly affect the primary production (Aguiar and Sola, 1999) . Given that these spatial processes are considered and implemented at site scale (grid cells) in regional/global simulation models by defining the interactions between any two adjacent grid cells with different ecological types, our question is what explicit and quantitative conclusions about the relationships between primary production and vegetation patterns at regional/global scales can be drawn from the large amount of output of the numerical simulations. Statistical approaches are the most commonly used means for the purposes (Gao and Zhang, 1997) . However, the empirical nature of statistics made it difficult to arrive at general conclusions beyond the simulated ecosystems.
Our objective in this study is to develop a more mechanistic approach to explore large volumes of outputs of regional and global ecosystem simulations. Theoretical relationships between vegetation patterns and primary production at regional scales are derived. The relationships are applied to simulated vegetation and net primary productivity of Chinese terrestrial ecosystems generated with a regional terrestrial ecosystem model to provide a preliminary validation.
Theory
We start with an assumption that vegetation in a region can be classified into n classes, and each class occupies multiple number of sub-domains Ω ij , enclosed by curve C ij , where i = 1, 2, . . . , n, and j = 1, 2, . . . , m i (m i is the number of sub-domains occupied by class i). Total annual net primary production of vegetation class i at equilibrium state, denoted by Q i , can be computed by integrating the unit area production or productivity, q i , over all the sub-domains, or
where dA i stands for infinitesimal area element. Gauss's mean value theorem allowed us to write Eq. (1) as
When external driving factors such as climate and atmospheric CO 2 concentration change, both productivity q i and sub-domain Ω ij will change. As illustrated in Fig. 1 , Ω ij and its boundary C ij shrink/expand and move to Ω ij and C ij . If the changes are small enough, changes in total production, denoted as Q i , Fig. 1 . Geometric relationship between the baseline and altered distributions of a vegetation class. Ω ij is the jth sub-area occupied by vegetation class i and C ij is the boundary of Ω ij . Ω ij and C ij are the distorted (moving and expansion/shrink) Ω ij and C ij by altered climate, respectively. at the new equilibrium state can be computed as
where ds is the infinitesimal vector with magnitude equal to the length of the infinitesimal arc on the curve and pointing to the out-normal direction of C ij . ṽ i is a vector pointing to the moving direction of the middle point of ds. The magnitude of ṽ i , denoted by | ṽ i |, is the distance travelled by the middle point of ds when C ij changed to C ij . We can further write ṽ i · ds = | ṽ i | · |ds|cos γ = da i , where γ is the angle between ṽ i and ds and da i is the infinitesimal area swept by ds (the area enclosed by wxyz in Fig. 1 ). The first relationship we can derive from Eq. (2) is
where Ω ij is the changed part of 
whereQ i is the total responses of primary production calculated as the relative increase in total primary production of vegetation class i; Q if = q i /q i is the relative increase in productivity that can be attributed to the direct effects of altered functional processes, such as assimilation and respiration, by external driving factors, and thus is called functional production response; 
where S ij is the length of C ij and q ijc = q i (s)| ṽ(s)| cos γ(s) is the increase in primary production per unit length at some point s along the boundary of Ω ij .
q ijc can either be positive or negative, depending on γ(s). Gauss's mean value theorem of integration was used in the last step of Eq. (5). Letting
j=1 S ij is the total boundary length of vegetation class i, we now havê
where P si = S i /A i is the boundary length per unit area and k si = q ic /q i . As S i is directly proportional to the partial patchiness defined by Gao and Yang (1997) , P si is called specific patchiness, or partial patchiness per unit area. P si is larger for a vegetation class with many small, irregularly shaped sub-areas than a vegetation class with a few large, round sub-areas. Comparing Eqs. (4)- (6), we can have a third relationship
where
Eq. (7) states that the relative increase in distribution area is proportional to the specific patchiness for a vegetation class.
Application of the derived relationships to the simulation outputs of a Chinese terrestrial ecosystem model
The model used to simulate responses of Chinese terrestrial ecosystems to climatic changes used coupled vegetation dynamics and primary production processes (Gao and Zhang, 1997; Gao and Yu, 1998; Gao et al., 2000a; Yu et al., 2001 Yu et al., , 2002 . For given climate scenarios, the model simulates equilibrium spatial distribution of green and non-green biomass, primary productivity, and nitrogen concentrations of a number of different vegetation classes in a given region. Simultaneously, soil moisture and total and available nitrogen contents were also computed as functions of space and time. Primary production was coupled with water and nitrogen cycles, and spatiotemporal variation of vegetation distribution was simulated as a result of the competition change in altered climate. Detailed model description can be found in (Yu et al., 2002) . The application of this model to China continent and two largest islands involved simulation runs for 8 equilibrium scenarios for a total of 19 vegetation classes in the spatial domain (Yu et al., 2001) . Equilibrium outputs of seven general circulation models (GCM), including GFDL for Geographical Fluid Dynamics laboratory, GISS for Goddard Institute for Space Studies, OSU for Oregon State University, LLNL for Lawrence Livemore National Laboratory, MPI for Max Planck Institute (Geostrophic ocean), UKML for UK Meteorological Office-low resolution, and UKMH for UK Meteorological Office-high resolution, under doubled atmospheric CO 2 concentrations, plus contemporary climate, were used to drive the model to equilibrium. Sixteen natural vegetation classes, deciduous conifer forests (DCNF), temporal evergreen conifer forests (TGCN), sub-tropical evergreen forests (SGCN), sub-tropical mountainous forests (SMCN), deciduous broadleaf and evergreen conifer mixed forests (DBGC), deciduous broadleaf forests (DBRD), evergreen broadleaf forests (GBRD), deciduous shrubs (DSHB), evergreen shrubs (GSHB), shrubs and meadows (SHMD), short shrub deserts (SHDS), cold short shrub deserts (CSSD), typical dry graminal steppes (GSTP), graminal grass and short shrubs (CRSS), cold graminal meadows (CMDS), and meadows and wetlands (MDWT) and 3 agricultural lands, 1CRP, 2CRP, and 3CRP for 1, 2, and 3 crops, To apply the relationship developed in the previous section to the simulation results, we did two aggregations of the simulation grid as the following. Aggregation 1 had 7 rows from north to south and 12 columns from west to east, with each aggregation row representing 5 • N and including 15 consecutive rows of the simulation grid, and each aggregation column (except the right most one) representing 5 • E and including 15 consecutive columns of the simulation grid. The last column of aggregation 1 was mapped into the 16 most east columns of the simulation grid. Similarly, aggregation 2 had 4 rows from north to south and 6 columns from west to east. Each of the first 3 rows of aggregation 2 represented 8.667 • N and was mapped with 26 consecutive rows of the simulation grid, whereas the last row of aggregation 2 in the most south was mapped with the 27 rows in the south most of simulation grid. Each column of aggregation 2 except the last one represented 10 • E and was mapped into 30 consecutive columns of the simulation grid, whereas the last column of aggregation 2 was mapped with the most east 31 columns of the simulation grid. Thus, each cell in the two aggregated grids represented rectangular sub-area (in geographic coordinates) that contains a number of cells in the simulation grid. For each vegetation class i in each of the rectangular sub-area (I, J) at row I and column J in an aggregation grid, specific patchiness, P si (I, J), was calculated from the simulated vegetation with contemporary climate conditions. At the same time, the following calculations were performed for each of the seven altered climate scenarios. (1) Total production of class i and total area occupied by class i, in the sub-area (I, J) under scenario a, denoted by Q i,a (I, J) and A i,a (I, J) respectively, were calculated for all i, a, I, and J. Relative increase in total primary production of vegetation class i at sub-area (I, J) in response to altered scenario a, denoted by Q i,a (I, J), and the corresponding relative increase in occupied area Â i,a (I, J), were computed by subtracting the primary production and occupied area for the contemporary climate from those for the altered climate scenarios, respectively, and then dividing the results by respective quantities for contemporary climate, for all i, I, J, and a. The results of the above calculations for all vegetation classes, all sub-areas, and all altered climate scenarios were pooled together to produce three arrays for each of the two aggregations, Q s , Â , and P s , for pooled relative structural production response, pooled relative changes in occupied area, and pooled specific patchiness, respectively. Cases with Â > 4.0 were excluded to ensure that the assumption of 'small change' was satisfied. The three arrays were then separated into two groups, one of which was a positive-increase group with Â > 0, and the other a negative-increase group with Â ≤ 0. Statistical regressions were conducted for the following three models for each of the two groups:
where k b , k a , and k s are three constants to be estimated in the regression analyses. Eqs. (8)- (10) are pooled and simplified versions of Eqs. (4), (6), and (7), respectively. If the regression analyses are statistically significant, we can conclude that our model for analyzing the relationships between primary production and vegetation structure holds correct.
Results and discussion
Fig . 4 illustrates the relationship between the pooled structural production responses to altered climate scenarios and the pooled relative increases in occupied areas of Chinese vegetation classes in response to altered climate scenarios. Panels (a) and (b) are for cases with positive increases in distribution (occupied areas), whereas (c) and (d) are for cases with negative increases, or decreases, in distribution. The regression estimated k b is 0.5478 for aggregation 1 and 0.5543 for aggregation 2 for the positive-increase group, whereas those for negative-increase group changed from 1.163 for aggregation 1 to 1.674 for aggregation 2. More than 72% of the variation in structural production responses can be explained by relative changes in occupied areas. The significant regressions indicated that the derived relationship held for both positive-and negative-increase groups in all climate scenarios. The relationship also held for both aggregations, showing that the significance of the relationship was invariant for spatial resolution. The linearity of the relationship is especially evident for −0.5 < Â < 1.0, because the model was derived from the assumption of 'small changes'. The result is not a surprise for increases in total primary production of any vegetation class, which should be directly proportional to its distributed area, as demonstrated in Eq. (8).
The relationship between the pooled relative increases in occupied area in response to the altered climate scenarios and the pooled specific patchiness under contemporary climate was shown in Fig. 5 . Fig. 5a and b show cases with positive increases, whereas Fig. 5c and d are for cases with the corresponding negative increases (decreases) in the areas for the two aggregations, respectively. Even though the distribution of the points are more scattered than Fig. 4 , the regressions were shown to be significant for all the four groups. The absolute values of regression coefficients (estimates of k a ) decrease from 0.76 to 0.67 for the positive-increase group and from 0.44 to 0.29 for the negative-increase group, as the grid cell sizes of aggregation increased from 5 × 5 • to 8.667 × 10 • (latitude × longitude). More than 50% of the variations in the positive-increase group and more than 75% of the variations in the negative-increase group can be explained by the specific patchiness. The linear relationship between relative changes in occupied areas and the specific patchiness implied that patchiness was a double-edged blessing: In the positive-increase group, the expansion of occupied area by a vegetation class was proportional to specific patchiness; thus patchiness helped a vegetation class to invade into areas previously occupied by other classes. On the other hand, in the negative-increase group, the shrink of the area occupied by a vegetation class was also proportional to specific patchiness. Hence, patchiness made a vegetation class more vulnerable to be invaded by other vegetation classes. Hence, patchiness can accelerate either degradation or recovery of a region or landscape, depending on whether the external driving forces or environmental conditions are favorable or adverse for the major vegetation classes in the region or landscape. The result is not difficult to understand. For any given vegetation class occupying a certain area at the baseline scenario (the contemporary climate in our case), a larger patchiness in general means a longer boundary enclosing the area and hence more exposure to neighborhood vegetation classes. When an altered climate scenario is applied to drive the vegetation system, one should expect that a longer boundary can either help the vegetation class to invade the neighborhood vegetation classes when the altered scenario is more favorable for the vegetation class than the baseline scenario, or accelerate the invasion by neighborhood vegetation classes into the area when the altered scenario is more adverse for the vegetation classes than the baseline scenario. 6 illustrates the relationship between the pooled structural production responses of vegetation classes to altered climate scenarios and the specific patchiness of vegetation distribution under contemporary climate. The regression coefficient (estimates of k s ) decreased from 0.76 to 0.67 for the positiveincrease groups, but increased from −0.44 to −0.29 for the negative-increase groups, as the aggregation resolution decreased from 5 × 5 • to 8.667 × 10 • (latitude × longitude). More than 50 and 75% of variations in the structural primary production increases can be explained by the specific patchiness for the positive-and negative-increase groups, respectively. From the theoretical derivation of the relationships among primary production responses, vegetation distribution responses, and specific patchiness, we can infer that k s = k a k b . This equality is checked in Table 1 for both positive-and negative-increase groups for the two aggregation resolutions. The differences between k s and k a k b varied from 2.6 to 11.4%. We could see here again that the structural production response of vegetation classes to external environmental change was linearly related to specific patchiness for both positive-and negative-increase groups for both aggregation resolutions. Thus, patchiness can either increase or decrease the primary production of a vegetation class, depending on whether the altered environment is more favorable or adverse for the vegetation class than the baseline environmental conditions.
In their review of ecological process and vegetation patterns for arid regions, Aguiar and Sola (1999) proposed a conceptual model relating production to distribution heterogeneity. They concluded that patchiness of vegetation patterns, in general, increases overall primary production in a two-phase vegetation mosaic (densely-vegetated patches and lower-cover matrix). Their argument, however, is based on the 'static' patchiness. The production they referred to is the functional production in our case. In other words, they did not consider the increases in production that resulted from shrink and expansion of the dense vegetation patches, i.e., the structural production responses in our terms.
Summary and conclusions
We derived a theoretical linear relationship between relative increases in a component of primary production and relative increases in distribution (occupied area) of vegetation classes in responses to changes in external environmental conditions. Linear relationships between these responses and vegetation distribution patterns quantified by a specific patchiness index are also derived. The relationships were applied to simulated vegetation and primary productivity distributions of Chinese terrestrial ecosystems by means of a regional dynamic vegetation model driven by climate scenarios from seven general circulation models. The results indicate that all the relationships hold valid for a wide range of relative changes in distribution and for different spatial resolutions of calculation. More than 70 and 55% of structural production responses of vegetation classes to altered climate conditions can be explained by changes in vegetation distribution and by specific patchiness, respectively, and more than 50% of changes in distribution of vegetation classes can be explained by the specific patchiness. Hence, vegetation pattern is an important index to quantify vegetation responses to possible future climate and environmental changes. Patchiness can increase primary production and facilitate recovery of a vegetation class from degradation when the changed environment is more favorable for the vegetation class than the baseline environment. On the other hand, patchiness can also decrease primary production and accelerate the degradation of a vegetation class if the changed external environment is more adverse for the vegetation class than the baseline environmental conditions.
